Machining centers have been widely used for metal mold manufacturing processes because high-speed machining using small-diameter end-mills has become practical. However, because the concave portions of the metal molds used for injection molding are very complex and exacting, and also present large differences in depth, long, small-diameter end-mills have to be used for the metal mold manufacturing process. Unfortunately, such end-mills degrade the machining accuracy of the metal mold, because the cutting forces cause the cutting point to deflect considerably. The goal of this study was to improve the real-time compensation for machining errors caused by the deflection of small-diameter end-mills, such as ball end-mills. To achieve this goal, a system of compensating for the machining errors was proposed by using the estimation method obtained from preliminary experiments, and the system validity was verified by performing cutting tests. Cutting tests, in which the axial depth of a cut increased linearly with the cutting duration, were conducted for measuring the cutting forces during the end-milling. As a result, the proposed compensation system could be used for real-time estimation and correction of the machining error caused by end-mill deflection induced by the cutting force. Furthermore, we were able to reduce the machining error by 80% in both down and up cuts, while increasing the axial depth of cuts, by using the proposed compensation system.
Introduction
Recently, machining centers have started to be widely used in metal mold manufacturing processes because high-speed machining has been applied to practical use. However, since metal molds used for injection molding are complex, with fine details and differ widely depth-wise, long and thin end-mills should be used in metal mold machining processes. However, the use of such end-mills reduces the machining accuracy of the metal molds in forms, because of a potential large-scale deflection at the cutting point due to the cutting forces. In peripheral milling, which is often used in mold processing, machining error due to tool deflection is a serious obstacle to processing the precision machining parts (Sutherland et al., 1986) . Therefore, many researchers have proposed preliminary methods of predicting machining error in end-milling with square end-mills (Takata et al., 1995) (Asahina et al., 1995) (Narita et al., 2000) . Furthermore, it has been pointed out that the static stiffness of an end-mill system greatly influences the machining error in slab milling with square end-mills (Shirase et al., 1986) (Matsubara et al., 1986) . Therefore, a system for compensating the tool deflection at the cutting point by tilting the tool for compensating the machining error was proposed previously; however, the proposed system could operate under relatively limited cutting conditions, because the tool deflection was estimated based on the experimental equation that was valid under limited cutting conditions (Yan et al., 1998) . Another system, proposed by the authors, could also be used for compensating the tool deflection by shifting the workpiece position on the machining center table under arbitrary cutting conditions (Shimana et al., 2012) , but the machining error compensation accuracy was not satisfactory because the accuracy associated with measuring the cutting edge angular position was not sufficient for compensating. Furthermore, the cross-section of two-flute end mills, such as ball end-mills that are used in high-speed milling, is anisotropic, as shown in Fig. 1 . Consequently, the cutting force that causes a deflection of the tool is not the only cutting edge direction. This means that the displacement of the cutting edge at the cutting point in the direction normal to the feed direction, which causes the machining error, is not caused only by the cutting force normal to the feed direction but also by the cutting force in the feed direction (Fujii et al., 1983) (Matsubara et al., 1986) . However, the previously used methods for estimating the machining error given the cutting forces used only the cutting force normal to the feed direction (Yan et al., 1998) (Shimana et al., 2012) . Therefore, Kondo proposed to identify the angular position of a cutting edge during the spindle rotation by using two types of pulses synchronized with the spindle rotation angle for obtaining instantaneously precise cutting forces for estimating the machining error. Furthermore, it has been clarified that the machining error estimated from both instantaneous cutting forces in the feed direction and normal to the feed direction much more coincided with the measured machining error than that estimated only based on the cutting force normal to the feed direction (Kondo et al., 2013) .
The goal of this study was to improve the previously considered approach to the real-time compensation of the machining error caused by the deflection of thin and long two-flute end-mills at the cutting point, for improving the machining accuracy. To achieve this goal, a system for compensating the machining error was proposed by using the previously reported estimation method (Kondo et al., 2013) , and the proposed system was validated by performing cutting tests.
Real-time compensation system 2.1 System configuration
The cutting tests in the present study were performed on a vertical machining center. The system configuration used in this study is shown in Fig. 2 . The workpieces were made of a free-cutting brass plate. The cutting force F x in the feed direction and the cutting force F y normal to the feed direction were measured by using a dynamometer. The dynamometer was a piezoelectric quartz force transducer. To precisely determine the angular position of the cutting edge, two pulse types were used in this study, as shown in Fig. 2 . One type was 512 pulses per revolution of spindle, used for obtaining experimental data on the cutting forces; these pulses were generated by an optical rotary encoder attached to the spindle end. Another type was 1 pulse per revolution of spindle, used for determining the cutting edge angular position during the end-milling process; these pulses were generated by using a position transducer and a projection on the spindle cylindrical surface. Signals representing the cutting forces and the rotation pulse were transmitted to a personal computer via A/D converters. After each cutting test, the machining error of a machined surface was measured along the line near the groove in the feed direction by using a contact displacement sensor. The Figure 1 View of two-flute end-mill from end cutting edge.
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contact displacement sensor was affixed to the spindle head side face while the workpiece was fed in the same way as in the cutting tests. 
Compensation program

Operational check of compensation program
As a preliminary experiment, an operational check of the compensation program was performed. The experimental apparatus for the operational check is shown in Fig. 5 . Instead of measuring the cutting force, the thickness of a ~2 mm-wide plastic tape attached to the ring on the shank of the tool was measured by a laser displacement sensor. Here, it was assumed that the thickness of the tape measured by a laser sensor corresponds to the displacement of the tool in the actual cutting test. The compensation value was obtained by averaging the thickness of the tape that is measured while the tool is rotated 16 times. The thickness of the tape is sent as a compensation value to a PMC via the Ethernet. The PMC receives the compensation signal and shifts the table's origin. For confirmation, the amount of movement of the table was measured by using a contact sensor fixed on the bed. The thickness of the tape and the rotation mark (1 pulse per revolution) were measured simultaneously while the program was running. The tape position from the rotation mark was 297.4°. The thickness of the tape and the rotation mark are shown in Fig. 6 . The details of Fig. 6 are shown in Fig. 7 , where the horizontal axis is the spindle rotation angle, measured from the rotation mark in the top figure. The bottom figure of Fig. 7 shows that the fluctuation in the thickness of tape is in the shape of a needle. The average value of the thickness of the tape was 185.1 m. This average value was sent as a compensation value to a PMC via an Ethernet connection. Figure 8 shows the amount of movement of the table measured with a contact displacement sensor. The dashed line coincides with the process of determining the average thickness of the tape. It can be seen that the amount of movement of the table was ~184 m. Therefore, it was indicated that the machining center table moved by an amount equal to the average thickness of the tape that was sent to the PMC in the machining center. Further, movement of the table was delayed ~3.9 rotations after the sampling of data was completed. 
Identification of cutting edge angular position
The cutting forces were measured at the spindle speed of 100 min -1 while the tool was fed in the direction normal to the workpiece, as shown in Fig. 9 until it reached the workpiece surface for determining the cutting edge angular position during the milling process. The cutting force normal to the feed direction and the rotation mark (1 pulse per revolution) are shown in Fig. 10 . The details of Fig. 10 are shown in Fig. 11 , where the horizontal axis is the angle measured counterclockwise from the rotation mark in the top figure. The bottom figure of Fig. 11 shows that the cutting force fluctuation is in the shape of an equilateral triangle. Consequently, assuming that the intermediate point of the cutting force fluctuation occurs when the cutting edge direction is normal to the feed direction, the cutting edge angular position  n was estimated as 315.7° in the present study.
Compensation of machining error at a constant axial depth of cut in down milling 4.1 Experimental apparatus and procedure
Figure 12 schematically illustrates the shape and dimensions of the specimen in the cutting tests at a constant axial depth of cut. The workpieces were horizontally fixed on the table, as shown in Fig. 12(a) . A 4 mm-deep and 3 mm-wide groove was milled along the center line of the workpiece surface, and sloped lands inclined by 15° were milled at both ends of the workpiece before performing the cutting tests, as shown in Fig. 12(b) . The right-side slanted land of the workpiece shown in Fig. 12(a) causes the depth of cut to increase linearly from 0 to 1 mm (shown in Table 1 ) at the beginning of the milling process. The left-side slanted land of the workpiece causes the depth of cut to decrease linearly from 1 to 0 mm at the end of the milling process. The machining errors of the machined surface were measured along the line near the groove, as shown in Fig. 12(b) . The cutting conditions are listed in Table 1 . One tooth of the two-flute end-mill shown in Fig.1 was removed in order to simplify the milling process. Figure 13 shows the cutting forces for Figure 14 shows the machining error measured by using the contact displacement sensor. In this figure, the machining error of 0 m was defined as the machined surface height of 0 m in the program. It is seen that the machining center table moved by the amount equal to the compensation value that was sent to the PMC in the machining center. Distance from workpiece endface L mm Figure 15 shows the machining error in detail, at both slanted lands of the workpiece. Figure 15(a) shows the machining error in detail, at the cutting end point of the workpiece. The actual machining error was estimated as ~20 m because the machining error was about -20 m when the cutting force became almost 0 N. Since the estimated machining error was 16.8 m, there was a difference of ~16% between the actual value and the estimated value. Figure  15(b) shows the machining error in detail, at the cutting start point of the workpiece. The inflection point between the straight line and the curve was close to the green line, not the blue line. Consequently, the actual machining error was estimated as ~20 m.
Experimental results
Compensation of machining error with increase in the axial depth of cut in down and up milling 5.1 Experimental apparatus and procedure
Figure 16 schematically illustrates the shape and dimensions of specimen. The workpieces were fixed at an angle of 7° on the table using a jig, as shown in Fig. 16(a) . In the same way as the cutting tests at a constant axial depth, a 4 mm-deep and 3 mm-wide groove was milled on the workpiece surface, and sloped lands inclined at 15° were milled at Fig. 16(b) . The right-side slanted land of the workpiece in Fig. 12(a) causes the depth of cut to increase linearly from 0 to 1 mm (shown in Table 1 ) at the beginning of the milling process. The left-side slanted land of the workpiece causes the depth of cut to decrease linearly from 1 to 0 mm at the end of the milling process. The machining errors of the machined surface were measured along the line near the groove, as shown in Fig. 16(b) . The cutting conditions are listed in Table 2 . Figure 17 shows the cutting force and the machining error in down milling. Figure 18 shows the machining error in detail, at the start and end points of cutting. The cutting forces F x , F y increase with increasing the axial depth of cut. The compensation value, calculated from the cutting forces, increases as well with increasing the axial depth of cut. As a result, when the axial depth of cut is in the 1.3-4.9 mm range, the corresponding machining error is almost zero. However, the machining error was higher at the start and end points of cutting. It is possible that the machining error cannot be accurately estimated because the cutting forces change abruptly at the start and end points of cutting. The ratio of the compensation value with respect to the sum of the compensation value and the measured machining error was ~85% on average when the axial depth of cut is in the 1.3-4.9 mm range. Figure 19 shows the cutting force and the machining error in up milling. Figure 20 shows the machining error in detail, at the start and end points of cutting. The cutting force F x increases with increasing the axial depth of cut. On the other hand, the cutting force F y increases not only in the positive but also in the negative direction with increasing the axial depth of cut. The compensation value, calculated from the cutting forces, also increases with increasing the axial Distance from workpiece end face L mm radial depth of cut = 0 Down cut depth of cut. As a result, the machining error is almost zero at the start point of cutting, but starts to increase when the axial depth of cut becomes larger than 0.75 mm. The machining error is maximal when the axial depth of cut is 3.1 mm, but is relatively small when the axial depth of cut is larger than 4.2 mm. The ratio of the compensation value with respect to the sum of the compensation value and the measured machining error was ~80% on average when the axial depth of cut is larger than 4.2 mm. Based on these results, we conclude that the proposed system for compensating the machining error was effective in reducing the machining error in the cutting tests with increasing the axial depth of cut. Furthermore, the machining error was smaller for down milling compared with up milling.
Experimental results
Conclusions
The results of the cutting tests lead to the following conclusions: 1) The proposed compensation system could be used for real-time estimation and correction of the machining error caused by the end-mill deflection owing to the cutting force. 2) The cutting tests were first performed at a constant axial depth of cut. The machining error decreased by 80% in down milling.
3) The cutting tests were then performed with increasing the axial depth of cut. In the down milling test, the machining error decreased by 85% on average when the axial depth of cut was in the 1.3-4.9 mm range. On the other hand, in the up milling test, the machining error decreased by 80% on average when the axial depth of cut increased beyond 4.2 mm.
